A new damage identification method with a fusion index to locate the damage position and identify the damage extent of beam structures is presented by integrating the modal strain energy and natural frequency sensitivity. The modal strain energy, which is with the limitation on obtaining the damage extent, is adopted to locate the damage position with avoiding the interference of structure itself. The natural frequency sensitivity, which is with false detection and interference happening when solely used, is adopted for identifying the damage extent. In order to further improve the precision of the damage quantification, additional masses are added on the beam structure to obtain more information about the natural frequency sensitivity. Then, the fusion index for damage identification is established through combining the modal strain energy and the natural frequency sensitivity before and after adding masses on beam structures. The results obtained by finite element analysis and experimental tests show that the presented method can locate and quantify damages on beam structures in an accurate and convenient way.
Introduction
Structures such as architectural structures, mechanical structures and vehicle structures are correlated with all around of people's lives. Once the damage shows up, the safety of the structure cannot be guaranteed, and some damage can even trigger catastrophic failure. Such problems have attracted much attention of researchers, who have carried out their works to try to improve the precision of damage identification for structures.
The dynamic characteristic of the structure is the intrinsic property of the structure and it can be changed if the damage exists. Those dynamic characteristic variations can be reflected in several ways, such as natural frequency, structural stiffness, modal shapes and modal strain energy. Therefore, the structural damage identification based on structural dynamic characteristics is an important approach to diagnose the damage on structures. Locating damages and identifying the damage extent are two major works if damage exists on the structure. Adams et al. [1] proposed a non-destructive method using a spring model to locate and quantify the damage. The method which only considers the change of natural frequencies is simple to use while two problems were not solved. First, in the single damage case, two sites were regarded as damaged location because of the symmetry of the system and the one close to the actual damage position was finally taken for simplicity. Second, the method is not that effective in the case with multiple damages. Cawley and Adams [2] extended their work from one-dimension to two-dimension soon. The finite element analysis was performed based on the shell model. The predicted damage was validated by a simple test and the method was proved to be efficient, but errors still show up in the cases with two damage sites. Since local stiffness reduction is different for isotropic material and anisotropic material, Cawley and Adams [3] performed similar research on composite structure. The method from Cawley and Adams requires dynamic analysis, damage location program as well as corresponding experiments to locate damages. Yuen [4] presented a simpler method to confirm damage location and damage size by variations of eigenparameters. The research was conducted using a cantilever beam model with only two degrees of freedom and the damage was assumed only related to the stiffness loss modeled by the reduction of modulus. Eigenparameters of fore five modes were calculated but only the first mode is very sensitive in locating damages. Other than using the stiffness matrix, the damage can be located by modal shapes. West [5] who is one of the pioneers in this field proposed a MAC (Modal Assurance Criteria) approach to locate damages by checking modal shape differences before and after the damage presented on the space shuttle orbiter. Considering that the reduction of bending stiffness by damage will result in the increase of curvature, curvature mode shape variations can also be applied to locate damages. Pandey et al. [6] detected and located damages according to the curvature differences between the intact and the damaged structure. Later, Pandey and Biswas [7, 8] employed the variation of flexibility matrix to locate the damage and validated results by experiments. Almost the same time, Aktan et al. [9] also published their research on modal flexibility by transferring modal frequencies and mode shapes into the flexibility matrix. The application on bridges proves the reliability of using modal flexibility. Earlier research on flexibility matrix can also be found in the study of Gysin [10] . The results indicate the flexibility matrices of the structure can be obtained precisely when using some fore orders frequency. Stubbs and Kim [11] extended their research to a more complicated three dimensional frames. The research only adopts post-damage modal parameters to locate and estimate the quantity of damage. The application of the proposed system identification method on the continuous beam demonstrates the accuracy of locating damage. However, the magnitude of damage was overestimated. For researchers who applied modal strain energy to detect and locate damage, Doebling et al. [12] adopted mode selection strategy. The selection on modes using maximum strain energy gives more accurate result. The method proposed by Shi et al. [13, 14] based on the variation of modal strain energy in each element shows good results on locating single as well as multiple damages. The improved algorithm on damage quantification in their later research [15] is proved to be very efficient and the extent of damage can be confirmed only using few lower modes. Li et al. [16] decomposed modal strain energy at axial and transverse coordinates for locating damages. The method is demonstrated as very effective in locating different kinds of damage scenarios. Yan et al. [17] applied the closed-form of modal strain energy sensitivity method on damage detection. Although the method is very compact and cost effective, the application on the simply supported beam shows elements close to the boundary are insensitive to the variation of element modal strain energy.
Using different methods to locate and quantify damages all have their advantages and drawbacks. The detailed comparison of different methods can be found in some published studies [18] [19] [20] [21] . In order to meet higher requirements of structural complicity and identifying precision, instead of applying only one method, many researchers integrated different methods to avoid limitations and to maximize the strengths. Friswell et al. [22] combined the advantages of the eigen sensitivity method and genetic algorithm. The damage, no matter single or multiple, is located by genetic algorithm and the damage extent is identified by eigen sensitivity analysis successfully. Yang and Liu [23] applied both damage localization criterion and natural frequency sensitivity method in localizing and quantifying damages. The method is proved to be very effective from the application on a simply supported beam. Hu et al. [24] proposed a CMSE (cross-modal strain energy) method which combines both modal shapes and modal frequencies in the estimation of damage extent including scenarios with single or multiple damages. Guo [25] presented an information fusion technique which provides three fusion approaches to integrate the obtained local decisions. The comparison of the three fusion method and other two existing criterion demonstrates higher accuracy of the fusion method on multiple damage identification. Jiang et al. [26] proposed a method integrated data fusion and PNN (probabilistic neural network) on damage detection. Its precision and robustness are demonstrated by two simulation examples. Seyedpoor [27] combined modal strain energy based index and particle swarm optimization in identifying multiple damages, but the combination in essence is a two-step method. The damage is located by a modal strain energy based index first and then the damage extent is confirmed by particle swarm optimization based on the modal strain energy calculated in the first step. Dawari [28] proposed a two stage methodology as well. The damage is located by modal strain energy first and then the severity of the damage is calculated by Artificial Neural Networks.
It is apparent that combing different methods will result in better results because of the utilization of advantages from those methods. In practical engineering, the damage detection by integrating different methods should be simple and efficient. Thus, the integrated method would better be a fusion index while not sequentially applying different methods which could be time-consuming and complicated. Another attention needs to draw is the accuracy of damage detection. Adding masses to the structure is an effective method to avoid false detection caused by the symmetry of the structure as mentioned before. The main idea of this method is to add masses at certain location of the structure to identify damages by combining the modal data before and after adding masses [29] . The identification precision is largely improved based on abundant frequency information from multiple frequency sensitivity functions.
This study proposes a simple damage identification method which combines both advantages of using modal strain energy and natural frequency variation. A brief review on different methods including combined methods applied on damage identification is presented first. In Section 2, the algorithm integrates modal strain energy and frequency sensitivity before and after adding masses as a damage index. In Section 3, the obtained integrated damage criterion is validated by finite element analysis. Moreover, because of using additional masses, sensitivity of influencing factors such as the size, the quantity and the location of the added masses are analyzed in sequence. In Section 4, experimental investigation is carried out on designed beam specimen in the single and multiple damage scenarios. More application examples are implemented on wing specimens with different damage extents. Finally, some important conclusions are drawn. Results from finite element analysis as well as elaborated experiments demonstrate the proposed integrated method can locate and quantify damage easily and precisely.
Basic principles
The strain energy of Euler-Bernoulli beam is written as:
where is the bending stiffness, is the length of the beam and is the deflection. Dividing the beam into elements along the length direction, the strain energy of the the element under the th mode can be expressed by:
where is the th displacement mode of the beam structure, is the stiffness matrix of the th beam element. Using * to express the th displacement mode of the damaged beam structure, the strain energy of the th element under the th displacement mode for the damaged structure can be expressed by:
where " * " denotes the corresponding quantities for the damaged beam. In this study, the strain energy variation is used to define the nondimensionalized damage criterion which is expressed by:
From the engineering perspective, more mode shapes would better be extracted and under each mode shape there exists a damage criterion for the th element. Therefore, the quantity of damage which can use the average value of the fore th order displacement mode at the same element is expressed as:
where stands for the modal modes. Then the damage index for beam structures based on modal strain energy can be denoted as:
Local peaks can be treated as damaged zones. If damage shows up, * > 0. When using frequency sensitivity method, the beam is also divided into elements along the length direction. The characteristic equations for beam vibration without considering the damping before and after adding masses are expressed as:
where and stand for the mass matrix and stiffness matrix, respectively. represents the mass matrix of adding masses. and are the th natural frequency of the systematic structure before and after adding masses on the beam, respectively. and are the corresponding mode shapes of the th natural frequency before and after adding masses on the beam, respectively.
When the damage occurs on the beam, the changes of natural frequency before and after adding masses for the th mode denoted by Δ and Δ are separately expressed as:
where * and are the th natural frequency of damaged and intact structure before adding masses. The corresponding parameters after adding masses are denoted by * and . Using Taylor series expansion, Δ and Δ can be approximately expressed as:
where is the total amount of the elements, is the damage parameter for the th element, ∂ ∂ and ∂ / ∂ are the partial derivations of the th order natural frequency versus the damage parameter of th element before and after adding masses on the beam, respectively. Damage identification adopts the fore th order natural frequency, then using matrix forms the Eq. (9) can be written as:
where and are the sensitivity matrix and can be expressed by:
The damage can be quantified by Eq. (10):
where is the generalized inverse matrix of while is the generalized inverse matrix of . In order to employ advantages of using both strain energy function and frequency sensitivity function, the following procedures will be focused on integrating those modal parameters.
Firstly, normalize Eq. (6):
Then dot product is applied to combine the damage index which is from frequency sensitivity damage equation with added masses and ̅ * which is from the variation of strain energy equation, the integrated damage criterion can be written as:
As can be seen from Eq. (14), the damage index possesses the advantages of both methods. It can be used to solve the damage identification problem such as light-weight structures with high strength. When multiple damages appear on the structure, this method is also effective but the division of strain energy damage criterion by regions and following normalization processing are needed. The details are listed as:
Then ̅ * can be expressed by:
Based on Eq. (14), the integrated damage criterion aiming at multiple damages is given. The integrated damage identification method will be validated by finite element analysis and well-designed experiments afterwards.
Numerical and experimental investigation

Numerical validation with FEM
A cantilever beam with a single damage and multiple damages is chosen in the example. In the numerical analysis, the model strain energy method, the natural frequency sensitivity method as well as the presented method are respectively used. The corresponding damage identification results are compared with each other.
The geometrical parameters and physical parameters used in the numerical analysis are listed as follows. The length of the beam is 1000 mm. The cross section area of the beam is = 150 mm . As can be seen in Fig. 1(a) , the cantilever beam structure is uniformly divided into 20 sections by 21 points along the length direction for conventionally describing the location of damages. Location of 1st point is the fixed end while the location of 21st point is the free end. The length of each section is 50 mm and the section number keeps consistent with the number of its left point. The three-dimensional FEM model of the structure is established by using MSC.Nastran as shown in Fig. 1(b) . The preset damage with 10 % stiffness degradation is on the 16th section located at the location of 750 mm to 800 mm from the fixed end. Firstly, the damage detection result by using the modal strain energy method is shown in Fig. 2 . It is clear that the peak occurs on the 16th section, which is just the location where damage shows up. So, the modal strain energy method is effective for locating the damage. However, the damage extent is so larger than the setting value that it is unreasonable. It is indicated that the modal strain energy method cannot be used for quantifying the damage extent. Then, the damage extent can be predicted by using the natural frequency sensitivity method and additional masses are added on the structure at certain location to improve the accuracy of prediction. In this case, three mass blocks are added to the 18th point, 19th point and 20th point as in shown in Fig. 1(a) . The mass of each block is six times that of the corresponding section, since the damage identification precision is higher when the mass of adding blocks is about five to eight times that of the corresponding beam section according to the literature [23] . Frequency sensitivity analysis is based on the results from modal analysis by MSC.Nastran and the damage extents before and after adding masses are plotted in Fig. 3 . As can be seen from Fig. 3 , the results denoted by the grey bar are obtained by the natural frequency sensitivity method before adding masses. Clearly, the highest bar occurs on the 16th section where the damage was preset. It is denoted that there is exiting a damage on the location and the damage extent is about 0.179 denoted by the bar value. Compared with the setting damage value 0.1, the error is 79.1 % which cannot be accepted. By contrast, for the natural frequency sensitivity method after adding masses, the damage extent denoted by the brown bar is 0.098 and the error is only 1.7 % compared with the setting value 0.1. Apparently, the damage identification precision is dramatically increased by using the additional masses. However, there is an interferential peak appearing on the location of the 5th and 6th sections for regardless of whether masses are added to the structure or not. It is indicated that the structure damage cannot be accurately detected only based on the natural frequency sensitivity method.
The presented method by integrating multiple modal parameters is also used for the beam structure and the damage extent is shown together in Fig. 3 with yellow bar. It can be seen that the integrated method successfully eliminates the interference on the location of the 5th and 6th section and still keep the same precision to the natural frequency sensitivity method. It is indicated that the presented method established through combining the modal strain energy and the natural frequency sensitivity before and after adding masses can locate and quantify damages on beam structures in an accurate way.
2) Condition 2: multiple damages. In this section, multiple damages on the beam are studied. Concretely, two damages with 30 % and 10 % stiffness degradation are set on the locations of the 10th and 16th sections, respectively. The added masses are the same as condition 1.
The damage detection results based on the modal strain energy method is shown in Fig. 4 . Obviously, the damage can be localized while the damage extent cannot be reasonably estimated.
Fig. 4. Damage detection results obtained by modal strain energy method
The damage detection results obtained by the frequency sensitivity method before and after adding masses are shown in Fig. 5 . In the figure, the results denoted by the grey bar are obtained by the natural frequency sensitivity method before adding masses. Clearly, there are three distinctly local peaks appearing on the location of the 5th section, 10th section and 16th section, respectively. Actually, the last two peaks occurred on the 10th section and 16th section are the preset damages while the weak peak on the 5th section is an interference. So, there is confusion to detect accurately multiple damages on the beam structures by the natural frequency sensitivity method.
The results obtained by the presented method is also shown together in Fig. 5 with yellow bar. It can be seen that the interference on the 5th section is eliminated. It is indicated that the presented method also works well in the case with multiple damages on beam structures. 
Experimental validation
For the experimental validation, beam specimens are chosen with the same dimension. Both single damage and multiple damage cases are considered. The dimension for each specimen is as follows: Length: 480 mm; Width: 50 mm; Thickness: 3 mm.
There are preset damages with different extents on the three specimens. As can be seen from 6 , specimen 1 is intact while specimen 2 and specimen 3 are damaged. There is only one hole on specimen 2 while two holes on specimen 3. The diameter of the hole is 10 mm. The hole on specimen 2 is 100 mm from the left end of the beam. The two holes on specimen 3 are 280 mm and 400 mm from the left end of the beam, respectively. For convenience of description, the beam specimen is divided into twelve elements and the corresponding damage locations are shown in Table 1 The main experimental system equipment including hammer, acceleration sensors and so on are listed in Table 2 . The modal test software ModalVIEW is adopted for establishing the model, obtaining responses and data processing. In testing, the sampling frequency is 1024 Hz and the frequency response function curves are obtained through linear average of three measurements. Modal testing is respectively carried on the three beam specimens. The data obtained from the experiment are used for the damage identification. The detection results for specimen 2 obtained by using the frequency sensitivity method before and after adding masses as well as the integrated method are compared in Fig. 7 . The results denoted by the grey bar are obtained by the natural frequency sensitivity method before adding masses and that by brown bar are obtained by the natural frequency sensitivity method after adding masses, respectively. As can be seen from the figure, there are several local peaks confusing the damage detection. However, for the integrated method denoted by the yellow bar, there is only one peak, which indicates the damage occurs at the 10th element. It is the location where the hole had been preset. Also, the damage extent is denoted as 0.28, which is reasonable.
The detection results for specimen 3 obtained by using the frequency sensitivity method before and after adding masses as well as the integrated method are compared in Fig. 8 . As can be seen from the figure, there are several local peaks confusing the damage detection for the frequency sensitivity method before and after adding masses. However, for the integrated method denoted by the yellow bar, there is only two peaks, which appears at 7th element and 10th element. It is the exact location where the hole had been preset. Moreover, the damage extents for those two locations are respectively 0.31 and 0.27, which are close to that of the specimen 2. Besides, when comparing specimen 2 with specimen 3, the interference is larger for using the frequency sensitivity method especially in the single damage case because of the symmetry problem as indicated before. By contrast, for multiple damages at different locations, the symmetry problem is not prominent. In overall, for detecting damages on beam specimens, the integrated method is better than solely using the frequency sensitivity method.
Engineering application
Damage identification has a wide range of application in different structures, such as offshore structures [16] , bridges [30] , concrete frames [31] and blade [32] . In this study, the proposed method is used for aircraft wings.
Firstly, two same rectangle wing test specimens with a beam-ribbed structure are prepared, as shown in Fig. 9 . The wing skin is made of glass fiber reinforced plastics and the wing beam and rib are made of wood. The structural parameters are listed in Table 3 . The No. 1 specimen is used to simulate the damaged wing while the No. 2 specimen is used to simulate the undamaged one. For No. 1 specimen, different damage severities are produced step by step through punching holes, making cracks and destroying spars. Damage identification results obtained by the strain energy method, the frequency sensitivity method as well as the integrated method are compared in detail. In testing, the main experimental system equipment is listed in Table 2 and the structure model of the wing for modal test is established in ModalVIEW as shown in Fig. 11 . The sampling frequency is also 1024 Hz and the average results of frequency response function are obtained by three measurements. The damage of the wing are created by punching holes, making cracks and destroying spars, as shown in Fig. 12 . For damage case 1, a hole with a diameter of 1cm on the 11th measure point is made on the wing as shown in Fig. 12(a) . For damage case 2, a more severe damage is made on the wing by adding a crack with 2 mm long on both sides of the hole as shown in Fig. 12(b) . The sizes of damage area for case 3 and case 4 are 1 cm by 5 cm and 1 cm by 8.5 cm respectively. For case 5, the beam of the wing is destroyed. The damage case 6 is the worst. The rectangle damage area is with the size of 1 cm by 12 cm and the beam of the wing is completely destroyed.
The modal tests are carried out on both the undamaged wing and the damaged one. The additional masses in this test are represented by two bottles loaded with sand as shown in Fig. 13(a) . They are placed close to the free end of the wing. The mass of additional blocks is an empirical value. It is chosen as six times the mass of the corresponding wing section based on experiments of damage identification errors under different additional masses as shown in Fig. 13(b) . The damage identification results based on modal strain energy of both cases are shown in Fig. 14. As can be seen from Fig. 14, the higher peak showed up at element 11 and it can be deduced that damage occurs at this location. The damage degree for each element before and after adding mass is shown in Fig. 15 .
As can be seen from Fig. 15 , peak shows up at element 11 and it can be concluded that damage occurs at this location. For condition 1, the damage degree for element 11 is 0.083 without additional mass while it is 0.058 with additional mass as shown in Fig. 15(a) . For condition 2, the damage degree for the 11th elements is 0.196 and 0.134 before and after adding mass respectively. The overall trend of the damage degree is lower after adding mass. In addition, the damage degree is more severe at working condition 2, which is the common sense. However, the damage disturbance shows up at the symmetrical position of damaged location. The presented method by integrating multiple modal parameters are used to localize and quantify the damaged wing. The damages identification results are shown in Fig. 16 .
It can be seen that, the damage location is merely detected by the highest peak on the 11th measure point. Furthermore, for damage case 1, the damage extent on the 11th element is 0.058 (see Fig. 16(a) ) and that is 0.134 for damage case 2 (see Fig. 16(b) ). Apparently, the damage extent As can be seen from Fig. 17 , the calculated damage extent increases accordingly along with the aggravation of the preset damage on the wing. The damage extent is relatively smaller when damage shows up at wing skin. However, when the damage occurs on the wing beam, damage extent increases drastically, which can be found through comparing the damage case 4 and case 5. The main reason is that the beam is the primary bearing section for the wing and its integrity is crucial for the wing structure. It is apparent that the results obtained by the presented integrated method are reasonable.
Conclusions
A damage identification method was developed by integrating multiple modal parameters to locate the damage position and identify the damage extent on the beam structure. The corresponding fusion index is established through combining the modal strain energy and the natural frequency sensitivity before and after adding masses. Thereby, the presented method owns both the advantages of applying the modal strain energy or the frequency sensitivity to identify damages. Numerical analysis and experimental investigations were conducted. Results show that the integrated method is very effective on identifying single damage as well as multiple damages on beam structures. For engineering application, an aircraft wing specimen with different damage severity is tested by using the presented method, which is proved to be able to locate the damage position accurately and identify the damage extent reasonably. However, when adding mass blocks on the beam structure to identify damages, several parameters such as the mass, the location of added blocks could influence the accuracy of the identification results, which will be discussed further.
